The Centre for Environment and Health in Flanders, the Northern part of Belgium, started a biomonitoring program on adolescents in 2003. 1679 adolescents residing in nine areas with different patterns of pollution participated in the study. Possible confounding effects of lifestyle and personal characteristics were taken into account. The geometric mean levels of cadmium and lead in whole blood amounted to 0.36 and 21.7 lg l À1 , those of PCBs, DDE and HCB in serum to 68, 94 and 20.9 ng g À1 fat, and those of 1-hydroxypyrene and t,t 0 -muconic acid in urine to 88 ng g À1 creatinine and 72 lg g À1 creatinine. Significant regional differences in internal lead, cadmium, PCBs, DDE and HCB exposure were observed in function of area of residence, even after adjustment for age, sex, smoking (and body mass index for the chlorinated compounds). Compared to a reference mean, internal exposure was significantly higher in one or more of the areas: Cd and Pb in the Antwerp agglomeration, Cd in the Antwerp harbour, PCBs in the Ghent agglomeration, PCBs, DDE and HCB in the Ghent harbour, Cd, PCBs, DDE and HCB in the rural area, DDE in Olen and in the Albert canal areas. Adolescents living in an area with intensive fruit cultivation (showing overall the lowest values) and, surprisingly, in areas around household waste incinerators (average of six areas), had no significantly increased internal exposures. Subjects from separate areas around waste incinerators showed significant differences in body load of various environmental contaminants.
Introduction
Flanders is one of the most populated areas in Europe, with a dense network of traffic roads, industrial activities and intensive farming close to habitation. The Flemish Environment and Health Study (FLEHS) of 1999 provided evidence that levels of internal exposure to pollutants differed between a rural and an urban area. In addition, small differences in pollutant levels were associated with observable differences in effect biomarkers, such as mutation frequency, tumor markers, sexual development, etc.
0045-6535/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.chemosphere.2007.11.053 (Staessen et al., 2001; Koppen et al., 2002; Van den Heuvel et al., 2002; van Larebeke et al., 2006) . The current results entailed a larger-scale, five year (2002) (2003) (2004) (2005) (2006) biomonitoring program on neonates, adolescents and older adults carried out by the Flemish Centre for Environment and Health. The objectives were to measure and to compare internal exposure to pollutants in nine areas differing in pollution pressure and to assess whether observed differences in internal concentrations of pollutants were associated with biological and health effects. A maximum of relevant and useful knowledge resulting from this program as well as from existing knowledge will be put at the Flemish governments' disposal to support policy for better protection of humans' health and environment. All public information on the project can be found on the website www.milieuen-gezondheid.be.
Here we report on the internal exposure of 14 and 15 year old adolescents to environmental pollutants.
Materials and methods

Selection of study areas
Eight different study areas were selected on the basis of a characteristic, relevant and differing type of pollution pressure: the Antwerp agglomeration, the Ghent agglomeration, the aggregated industrial harbour areas of Antwerp and Ghent (mainly petrochemical and metallurgic industries, respectively), the industrial zone around the Albert canal (chemical industry), the industrial zone of Olen (non-ferrous industry), the immediate surroundings of household waste incinerators, a rural area with intensive fruit cultivation, and a rural area devoid of highways and of important local industrial emissions and with a population density of less than 250 inhabitants per km 2 . Initially, eight study areas were selected, but after statistical analyses of the results, the individual harbour areas of Antwerp and Ghent seemed to be quite different and resembled more their adjacent urban area. The separation of the harbours resulted in nine areas instead of eight. The total surface of the studied area is 3036 km 2 , corresponding to 22% of the total surface of Flanders (13 521 km 2 ). The 65 selected municipalities correspond to 20% of the total Flemish municipalities. Except for 'rural Flanders' and for 'waste incinerators', all study areas are contiguous geographical entities. 'Rural Flanders' comprised 24 municipalities, spread out over 9 contiguous areas in the western half of Flanders. 'Waste incinerators' comprised 12 municipalities, spread out over the whole of Flanders. Fig. 1 shows the location of the nine areas of interest in Flanders.
Selection and recruitment of participants
In the selected areas approximately 1.2 million inhabitants are living which is 20% of the Flemish population. A sample size of 200 participants per study area was chosen because a power calculation demonstrated that this appears to be statistically sufficient to detect differences of 20% between study areas while the efficiency in estimation is the same for all study areas. As a consequence of the separation of the harbour areas, the sample size target of 200 was not met in the individual harbour areas of Antwerp (n = 76) and Ghent (n = 150). A stratified clustered multi-stage design was used to select 1600 participants as a random sample of the population under study. Sampling took place in three steps: first by study area, second by entities for access to participants, and third by selection of the participants in accordance with the inclusion criteria. The adolescents were enrolled via 50 schools located in the selected regions, and sampled between October 2003 and July 2004. Inclusion criteria were the following: being born in 1988 or 1989, studying in the third year of secondary school, living for at least five years in the same area, and giving informed consent (both adolescent Fig. 1 . Map of the nine areas of interest in which participants for the human biomonitoring program were recruited. and parents). Of all pupils who received the invitation 38.1% did not respond, and of those who responded 23.8% refused to participate, 8.2% did not fulfill the inclusion criteria, 3.5% were absent at the time of the examination, 1.4% had insufficient blood/urine samples or incomplete/no questionnaires and 1.3% were not included because the required number of participants was reached. For the areas around waste incinerators it was not possible to enroll adolescents through schools, because these areas comprised only a few streets. Therefore, adolescents living near an incinerator received a home-addressed letter for participation. The recruitment resulted in a total of 1679 adolescents.
Blood and urine collection
About 200 ml of urine and 40 ml of blood were sampled from each participant to carry out various analyses. The creatinine content in urine was determined spectrophotometrically by 'Algemeen Medisch Laboratorium' (AML) in Antwerp. Na 2 EDTA (10% v/v) was added to whole blood while serum was prepared by immediate centrifugation of the coagulated blood. Samples were stored at À20°C until analysis. Length and body weight of the participants were also assessed at the same occasion of blood and urine collection.
Information from questionnaires and data banks
To obtain information on personal and lifestyle factors, participants were asked to fill out questionnaires. The parents of the participants completed a self-reporting questionnaire on their own education, weight, length and health status, on housing, residence history, family composition, social and financial situation, density of nearby traffic and in-house use of pesticides. The participating adolescents completed a self-reporting questionnaire on health status, exposure to traffic, in-house exposures to pollutants and chemicals, sports, hobbies, contact with pets, smoking and consumption of alcohol and drugs. They also completed two food frequency questionnaires in order to assess the daily consumption of fruit and vegetables on the one hand, and fat-containing food items on the other hand during the last year. In addition the consumption of locally produced food was recorded. The study design was approved by the medical-ethical committee of the University of Antwerp on 4th of July 2002.
Chemical analysis of biomarkers of exposure
The analysis entails measurements of biomarkers of exposure in the human body. Heavy metals (cadmium and lead) were determined in whole blood by the VUB. Cadmium levels in blood are generally regarded as a reflection of current exposure but cadmium levels in blood are also an estimate of the accumulated body burden of cadmium, many years after exposure (Wittman and Howard, 2002) . Polychlorinated biphenyls (PCB 138, PCB 153 and PCB 180) and chlorinated pesticides (p,p 0 -dichlorodiphenyldichloroethylene (DDE) and hexachlorobenzene (HCB)) were analysed in serum by VITO and Toxicology Centre-UA. A general marker of PAH exposure (1-hydroxypyrene), and a marker of exposure to benzene (t,t 0 -muconic acid) were analysed in urine by VITO. All laboratories involved in the analyses of these biomarkers applied standard agreed quality control/quality assurance procedures.
Analysis of heavy metals in whole blood
Lead and cadmium concentrations in whole blood were determined after an acid digestion pre-treatment destroying the organic matrix followed by high resolution -inductively coupled plasma -mass spectrometry detection. Ultra clean material, pure reagents, clean room environment and very sensitive instrumentation were used to determine the low levels of cadmium and lead in whole blood. Briefly, 500 ll whole blood, 500 ll nitric acid and 100 ll hydrogen peroxide were digested in closed vessels subjected to an increased pressure and temperature. The digested blood was diluted 10 times when analysed by the HR-ICP-MS. The detection limits for cadmium and lead in whole blood samples were 0.09 and 2.0 lg l À1 , respectively.
Analysis of PCBs and chlorinated pesticides in serum
Serum PCBs (PCB 138, 153 and 180) and chlorinated pesticides (hexachlorobenzene and DDE, a metabolite of DDT) were analysed by two laboratories using two slightly different methods based on those described by Gomara et al. (2002) and Covaci and Schepens (2001) . Summarized, blood serum was mixed with formic acid, internal standards were added, and the mixture was equilibrated in an ultrasonic bath. The sample was eluted through a solidphase extraction (SPE) cartridge. The SPE cartridge was washed, dried and placed on top of a multilayer column filled with anhydrous sodium sulphate and silica impignated with sulphuric acid. PCBs and chlorinated pesticides were eluted and concentrated. The extracts were analysed using gas chromatography combined with an electron capture detector. The detection limit of all chlorinated compounds in serum was 0.02 lg l À1 .
Analysis of a PAH and benzene metabolite in urine
The methods used to determine 1-hydroxypyrene (a metabolite of pyrene) and t,t 0 -muconic acid (a metabolite of benzene) in urine are based on those of Schaller (1997, 1998) . The determination of 1-hydroxypyrene was performed with high performance liquid chromatography (HPLC) with fluorescence detector. To release 1-hydroxypyrene from proteins, urine was hydrolysed by the enzymes b-glucuronidase and arylsulfatase during the night. Then 1-hydroxypyrene was on-line extracted from the urine matrix and enriched and separated on an apolar C-18 reversed phase column with a gradient solvent mix-ture of methanol and water. The detection limit was 0.060 lg l À1 . t,t 0 -Muconic acid was determined in urine by means of ion chromatography using SPE-SAX columns. HPLC, with a solvent gradient of methanol and acetic acid (1% v/v), was used to separate the extract from other compounds and quantification was done by a UV-detector. The detection limit was 8.6 lg l À1 .
Data treatment
Database management and statistical analyses were performed with SAS for Windows, version 9.1.3 and Statistica, version 7.1. Data below the detection limit were set equal to half of the detection limit. Neperian logarithmic transformation of the exposure markers was performed because the data were not normally distributed. To assess differences in e.g., gender and smoking behaviour, a Student's t-test was applied. Differences in biomarkers of exposure between the nine areas, were initially investigated using analysis of variance (ANOVA). Subsequently, in regression analysis, raw data were adjusted for a number of confounders pre-specified based on literature data. The confounders included in the analysis were age, sex and smoking for all biomarkers of exposure and additionally body mass index (BMI) for the chlorinated compounds (PCBs, DDE and HCB).
The mean and P90 biomarker values calculated from the pooled areas were defined as reference mean and reference P90 values. These reference values were weighted to inhabitant distribution, so the importance of each study area was proportional to the number of total inhabitants in that area. When the nine areas showed an overall significant difference in ANOVA, than the mean value of each study area was compared with the reference mean value and with the area showing the lowest mean value (Table 3) ; a statistical significance level of 5% was used. Correlation between possible covariates and biomarker values was tested by stepwise multiple regression analysis in which the 5% significance level was used for independent variables to enter and stay in the model. Confounders (age, sex, smoking and BMI for chlorinated compounds) were forced into the model. The squared semi-partial correlation coefficient was reported.
Results
Short description of the study population
The sampled group included 1679 adolescents, of which 53.1% males, with a mean age of 14.9 years (range: 13.8-16.5). The mean body mass index of boys and girls was, respectively, 20.3 and 20.8 kg m À2 (p > 0.05). In accordance with Flemish reference values of 'health behaviour in school-aged children', 13.6% of the adolescents smoked more than once a week and 14.2% used regularly alcohol. Statistical differences (p < 0.05) between the nine areas were observed in the use of locally produced food, exposure to traffic and education levels and incomes of the parents.
Pollutants in blood, serum and urine: raw data
A general observation was that inter-individual differences in biomarker levels per area are large and exceeding by far the differences in biomarker levels between the areas. However, for some of the biomarkers significant differences between inhabitants of specific areas can be observed. Table 1 summarizes the raw data concerning internal exposure for all areas. Overall significant differences (p < 0.0001) between areas were observed for lead, cadmium, PCBs, DDE and HCB. For these biomarkers, significant higher values were observed in inhabitants of most areas compared to the area with lowest value. People with lowest exposure pressure were living in the fruit area for lead and cadmium, in the region Olen for PCBs and HCB, in the agglomeration of Antwerp for DDE and in the rural area for the PAH-and benzene-markers. Male adolescents had significant higher values than females for DDE (121 versus 92 ng g À1 fat, p < 0.0001), HCB (22.8 versus 18.4 ng g À1 fat, p < 0.0001), lead (24.8 lg l À1 versus 18.1 lg l À1 , p < 0.0001) and PCBs (78 versus, 54 ng g À1 fat, p < 0.0001).
Reference mean (RM) and reference P90: adjusted for personal or lifestyle factors
Reference mean and P90 pollutant concentrations for the presence of pollutants in blood or urine of adolescents in Flanders were calculated after adjustment for the number of inhabitants in each of the areas and after adjustment for sex, age, and smoking behaviour. Additionally, chlorinated compounds were adjusted for body mass index (BMI). We consider this RM value as the average biomarker level in blood or urine of Flanders' adolescent (Table 2) .
Differences in internal exposure
Levels of internal exposure after adjustment for confounders are shown in Table 3 . Mean exposure values in a single area were compared to the RM values. For all biomarkers except 1-hydroxypyrene and t,tÀ-muconic acid, significant differences were observed between the nine areas. Elevated exposure to PAHs and benzene was expected in the industrial zones in view of the reported emissions to air and surface water (Flemish Protection Agency, VMM). Differences remained significant after additional correction for socio-economic status through inclusion in ANOVA analysis of educational level of the parents and of income of the family (data not shown). In the Antwerp region (agglomeration and harbour) internal exposure to metals was significantly higher than the RM value, corresponding to high emissions by ferrous and non-ferrous companies. In the Ghent region (agglomeration and harbour) this was the case for organochlorine compounds. No emission data are available for these compounds but PAH emissions are twice those in Antwerp harbour. A bit surprisingly, the rural area shows increased internal exposure levels for cadmium, PCBs, DDE and HCB. A specific investigation to clarify these observations was launched in 2007. In the fruit area and, surprisingly, in the area composed of six surroundings of waste incinerators, no internal exposures were significantly increased compared to the RM value. For lead, cadmium, PCBs, DDE and HCB, one or more of the nine areas had internal exposure values significantly below the RM. Compared to the area with the lowest internal exposure, significantly higher values were observed in the agglomeration of Antwerp for lead, cadmium, PCBs and HCB; in the Antwerp harbour area for lead, cadmium, DDE and HCB; in the agglomeration of Ghent, the Ghent harbour area, the rural area and in the composed area around incinerators for lead, cadmium, PCBs, DDE and HCB; in the fruit area for DDE and HCB; and in Olen for lead, cadmium, and DDE. Exposure levels in each harbour area were more similar to those of the adjacent agglomeration than to those of the other harbour area. Overall, the lowest internal exposures values were observed in the fruit area. In Table 3 an exclamation mark indicates those areas with P90 values that are significantly above the reference P90 value. Increased P90 values were always associated with increased mean values.
Individual waste incinerators show differences in exposure
The mean biomarker values of the area composed of six areas around waste incinerators were not significantly different from the RM values. However, if the six areas were considered individually, some of them had significant higher internal exposure values (after adjustment for confounders) compared to the RM and differences among the areas showed up as well (Table 4) . Adolescents living in the neighbourhood of the incinerator of Wilrijk had significant higher lead concentrations in their blood and those of Harelbeke showed higher cadmium levels. Mean levels of PCBs and HCB were highest in blood samples of adolescents from Menen. The mean values of DDE and cadmium were also high in Menen, but due to the small population group (large confidence intervals) the significance level was not reached. The benzene-marker t,t 0 -muconic acid was significantly increased in urine samples of adolescents living nearby the incinerator of Roeselare. All biomarker results are adjusted for age, sex and smoking, and the chlorinated compounds (PCB, DDE and HCB) also for body mass index. Significantly lower and higher results compared to the reference mean are indicated in light grey and dark grey, respectively. Results of the neonates were adjusted for age of the mother and active smoking during pregnancy. Results of the adolescents and adults were adjusted for sex, age, smoking behaviour for all markers and also for body mass index for chlorinated compounds.
3.6. Factors explaining differences in levels of internal exposure Fig. 2 shows the significant factors explaining part of the variation in internal exposure among the adolescents. Area of residence and sex were important factors for almost all biomarkers. Boys had higher concentrations of pollutants in their body as compared to girls. Smoking was associated with higher levels of cadmium and 1-hydroxypyrene. Consumption of locally produced food was associated with higher concentrations of persistent chlorinated compounds in serum. The latter compounds were also increased in adolescents who had received breast-feeding as newborns: breastfed and non-breastfed adolescents had PCB concentrations of 74.0 and 55.2 ng g À1 fat, respectively.
Discussion
Our biomonitoring program showed small differences in internal exposure levels of adolescents living in nine selected areas. Compared to German Surveys on pupils, we obtained similar results for lead, HCB and DDE, although levels of the later compound were very variable according the geographical area. Our cadmium levels were somewhat increased, our PCB values decreased (Wilhelm et al., 2003 (Wilhelm et al., , 2006 . CDC reported mostly lower values, except for DDE (CDC, 2005) .
Compared to the 17 year-old adolescents studied in the 1999 Flemish environment and health study (Staessen et al., 2001) , no marked differences were observed in the current study group of 14 year old adolescents, for lead (19.2 versus 21.7 lg l À1 ) and cadmium (0.37 versus 0.36 lg l À1 ). Significant differences were observed for the marker PCBs (93 versus 68 ng g À1 fat), 1-hydroxypyrene (68 versus 88 ng g À1 creatinine) and for t,t 0 -muconic acid (55 versus 72 lg g À1 creatinine). During our first biomonitoring campaign (2002) (2003) on neonates and their mothers, lower lead and cadmium levels were found in cord blood, whereas levels of PCBs, DDE and HCB were quite similar (Table 2) . Differences in transport through the placenta are suggested. In our third biomonitoring campaign (2004) (2005) on 50-65 year old adults, all internal exposure levels were higher (Table  2) which might be a consequence of life-time exposure.
Significant differences in internal exposure between adolescents residing in different areas were noted for lead, cadmium, PCBs, HCB and DDE. In Flanders, a densely populated and heavily industrialized region, residents of areas with a surface of the order of 100 to several hundreds of square kilometers that harbour quite different economic activities show quite similar levels of internal exposure to pollutants. For Antwerp and Ghent there was no significant difference between the inner-city and the adjacent harbour and incinerator. Somewhat contrasting with this finding is the fact that residents of small areas, with a surface of less than 10 km 2 around a point source (e.g., a household waste incinerator), may show significant increases in internal exposure compared to other areas and to the reference value.
Large inter-individual differences between adolescents residing in the same area were noted for all pollutants. As to factors underlying differences in internal exposure to pollutants, recorded distinctions in food consumption, exposure to traffic or other lifestyle or personal factors could only explain these differences to a limited extent. Indeed, for lead only 13.4% of variation could be explained by factors significantly associated with this parameter, for cadmium 14.4%, for PCBs 46.6%, for DDE 19.1%, for HCB 28.5%, for t,t 0 -muconic acid 2.0%, and for 1-hydroxypyrene 2.5%. For lead and cadmium levels, for t,t 0 -muconic acid and to a lesser extent for PCBs, DDE and 1-hydroxypyrene, area of residence was one of the factors showing the strongest correlation with the parameter of internal exposure. As expected, BMI and having received breast-feeding were quite strongly and positively correlated with concentrations of PCBs, DDE and HCB. Overall, boys had higher concentrations of pollutants in blood. Smoking increased the internal exposure to cadmium and PAHs. The influence of breast feeding, gender and smoking were in agreement with other studies (Staessen et al., 2001; De Burbure et al., 2003; Strö mberg et al., 2003; Wilhelm et al., 2003; Wilhelm et al., 2006) . Exposure to traffic, having exercised in the last three days and having a stove at home were associated with higher internal exposure to PAHs. Interestingly, consumption of locally produced food items was positively correlated with concentrations of PCBs, DDE and HCB, suggesting higher pollutant burdens in such food. It is known that fat intake is to a large extent responsible for contamination with persistent lipophilic pollutants (Fries, 1995) and that vegetable food is an important factor in contamination with heavy metals (Muñ oz et al., 2005) . The variation in age between adolescents in this study was too small to have a significant effect of age on the internal exposure levels as seen in some other studies.
Conclusion
Nine areas in Flanders, each representing a specific environmental stress (e.g., metals or organochlorides in industrial areas, pesticides in fruit area, etc.) were selected. Although Flanders is a densely populated region, with people consuming the same food distributed through the same chains of shops and submitted to similar pollution from traffic, etc. differences between areas were relatively small. There was for example no significant difference in exposure to pollutants between the inner-city, the adjacent harbour and incinerator, all located in the same agglomeration (e.g., Antwerp and Ghent). Nevertheless, some point sources such as the individual waste incinerators, caused significant differences in internal exposure. In addition, small differences were observed between some of the nine areas. Inhabitants of the agglomeration of Antwerp had higher exposure to heavy metals but lower exposure to halogenated compounds compared to the reference value. The halogenated compounds were significantly higher in the harbour of Ghent and in the rural area. The fruit area had in general low exposure to all measured pollutants. Additionally, elevated levels of DDE were mainly found in Olen and the Albert canal zone. The results of this study are in line with results from earlier biomonitoring studies in Flanders and from similar industrialized countries. Economics, Science and Innovation; Flemish Agency for Care and Health; and Department of Environment, Nature and Energy). The work was performed by The Flemish Centre of expertise for Environment and Health. We gratefully acknowledge the collaboration of the 42 Flemish schools, the (psycho-medical) centres for guidance of pupils, all participating adolescents and their parents.
